Abstract. Canadian Arctic glaciers have recently contributed large volumes of meltwater to the world's oceans. To place recently observed glacier wastage into a historical perspective and to determine the region's longer-term (∼50 years) contribution to sea level, we estimate mass and volume changes for the glaciers of Baffin and Bylot Islands using digital elevation models generated from airborne and satellite stereoscopic imagery and elevation postings from repeat airborne and satellite laser altimetry. In addition, we update existing glacier mass change records from GRACE satellite gravimetry to cover the period from 2003 to 2011. Using this integrated approach, we find that the rate of mass loss from the region's glaciers increased from 11.1 ± 3.4 Gt a −1 (271 ± 84 kg m −2 a −1 ) for the period 1963-2006 to 23.8 ± 6.1 Gt a −1 (581 ± 149 kg m −2 a −1 ) for the period 2003-2011. The doubling of the rate of mass loss is attributed to higher temperatures in summer with little change in annual precipitation. Through both direct and indirect effects, changes in summer temperatures accounted for 70-98 % of the variance in the rate of mass loss, to which the Barnes Ice Cap was found to be 1.7 times more sensitive than either the Penny Ice Cap or the region's glaciers as a whole. This heightened sensitivity is the result of a glacier hypsometry that is skewed to lower elevations, which are shown to have a higher mass change sensitive to temperature compared to glacier surfaces at higher elevations. Between 2003 and 2011 the glaciers of Baffin and Bylot Islands contributed 0.07 ± 0.02 mm a −1 to sea level rise accounting for 16 % of the total contribution from glaciers outside of Greenland and Antarctica, a rate much higher than the longer-term average of 0.03 ± 0.01 mm a −1 (1963 to 2006).
Introduction
The glaciers of the Canadian Arctic Archipelago have recently experienced a sharp increase in mass wastage in response to anomalously high summer temperatures (Gardner et al., 2011) . Between 2006 and 2009 the glaciers of this region lost ice at a rate of 92 ± 12 Gt a −1 , making it the largest contributor to eustatic sea level rise outside of the ice sheets. Of the roughly 146 000 km 2 of ice in the Canadian Arctic Archipelago, 40 900 km 2 is located on the southern islands of Baffin and Bylot (Fig. 1) . Between 2003 and 2009 these glaciers lost ice at an area-averaged rate 1.6 times greater than the glaciers to the north and twice the rate previously estimated by Abdalati et al. (2004) for the period 1995-2000. Apart from the two short periods of 1995-2000 and 2003-2009 , little is known about changes in glacier mass for this region.
Here we focus on glaciers of Baffin and Bylot Islands in order to construct a more complete picture of the spatial patterns of glacier change, and to determine the region's longterm (∼50 years) contribution to sea level rise, thereby placing recently observed mass loss rates into a historical context. In previous works (Gardner and Sharp, 2009; Gardner et al., 2011) a surface mass budget model has been used to simulate the long-term glacier mass changes for the northern Canadian
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Arctic Archipelago. Applying the same model to simulate long-term glacier changes of Baffin and Bylot Islands was not possible due to a paucity of on-glacier climate observations. We instead construct long-term glacier mass change from changes in elevation that are determined from historical aerial photogrammetry, modern satellite stereoscopic imagery and repeat airborne and satellite laser altimetry. For completeness, we provide an update to the 2003-2009 estimates of Gardner et al. (2011) of glacier mass change derived from repeat satellite gravimetry (GRACE) by including the years 2010 and 2011.
Through our data integration efforts, we are able to assess the extent to which sparse elevation change measurements, in particular those determined from satellite and airborne laser altimetry, can be used to characterize regional-scale glacier change. In addition, multi-temporal estimates of mass change in combination with long-term meteorological records allow us to identify the primary climatic drivers of glacier mass change for this region.
Study region
Baffin Island is located to the north of Quebec and Labrador in the territory of Nunavut, Canada (Fig. 1) . It covers an area of about 500 000 km 2 , making it the largest island in the Canadian Arctic Archipelago and one of the five largest islands in the world (Andrews et al., 2002) . To the northeast lies the heavily glaciated and uninhabited Bylot Island. The glaciers of the two islands cover a total area of 40 900 km 2 (year ∼2000: Fig. 1 ). The mountainous eastern coast of the region is clustered with icefields and small ice caps (23 600 km 2 on Baffin and 4900 km 2 on Bylot) within a ∼100 km distance from the ocean (Fig. 1) . Extending farther inland on Baffin Island, there are two major ice caps, Barnes and Penny, that cover an area of 5900 km 2 and 6500 km 2 respectively. Baffin Island is of particular glaciological importance as it may have played a role in the initiation of the Laurentide Ice Sheet some 116 thousand years ago (Clark et al., 1993) , the remnants of which still exist today in the two large ice caps (Hooke, 1976; Fisher et al., 1998; Zdanowicz et al., 2002) .
Scientific research on the glaciers of this region first began in the early 1950s and has focused primarily on the two major ice caps (Ward, 1954; Orvig, 1954 Orvig, , 1951 Baird, 1952) . Only a handful of in situ conventional and geodetic glacier observations exist for the Barnes Ice Cap (1950 (Ward, 1954 ), 1962 -1966 (Sagar, 1966 ), 1965 -1966 (Løken and Sagar, 1967 ), 1970 -1984 (Hooke et al., 1987 ) and 1984 -2006 (Sneed et al., 2008 ), the Penny Ice Cap (1953 (Ward, 1954 , 2008-present (Geological Survey of Canada) ) and a small valley glacier situated to the northeast of the Penny Ice Cap (1969 ( -1976 ( (Weaver, 1975 ). There are also observations of modern changes in the margin positions of the Barnes Ice Cap (Jacobs et al., , 1997 and some 662 glaciers located on the Cumberland Peninsula, southern Baffin Island (Paul and Svoboda, 2009 Dowdeswell et al. (2007) . These local studies indicate that the glaciers of Baffin and Bylot Island have been in a state of mass loss and retreat since at least the 1950s.
The first regional estimate of glacier mass change was done by Abdalati et al. (2004) using repeat airborne laser altimetry collected over the Barnes and Penny Ice Caps in spring 1995 and spring 2000. Assuming that the measured elevation change gradients with respect to surface elevation were representative of all glaciers in the region, they estimated that the glaciers of Baffin Island lost ice at an average rate of 10.2 Gt a −1 (assuming an ice density of 900 kg m −3 ). More recently, Gardner et al. (2011) used repeat satellite altimetry (ICESat) and gravimetry (GRACE) to show that the rate of ice loss from the entire region (Baffin + Bylot) had more than doubled to 24 Gt a −1 for the period fall 2003 to fall 2009.
Data and methods

Glacier complex outlines
Outlines of glacier complexes were compiled from 214 individual CanVec maps, a digital cartographic reference product produced by Natural Resources Canada (acquired from: www.GeoGratis.gc.ca). An additional 5500 km 2 of glacier area not covered by Edition 9 of the CanVec data set were taken from an expanded inventory of Paul and Svoboda (2009) . All outlines are based on late-summer Landsat imagery acquired between 1999 and 2004 with the exception of 13 CanVec maps that used late-summer SPOT 5 imagery acquired between 2006 and 2010 and 7 CanVec maps that used 1958 or 1982 aerial photographs. We visually checked the glacier outlines against late-summer Landsat imagery. Some manual editing was done to reclassify a small fraction of ice coverage (<1 %) that was missed by the CanVec data set due to incorrect classification over debris cover and supraglacial lakes. The overall quality of the data set was found to be very high.
The new glacier inventory gives a total glacier-covered area of 36 000 km 2 for Baffin Island and 4900 km 2 for Bylot Island (Fig. 1) . These areas are respectively 2 ± 2 % and 4 ± 3 % smaller than a range of estimates published in the 1950s and 1960s (see Table 2 in Ommanney, 1971) . The smaller area of our data set is attributed to both long-term glacier retreat and methodological differences in glacier delineation.
Elevation data sets
To determine changes in glacier elevations through time, we difference a number of elevation products. We use Canadian Digital Elevation Data (CDED) for historical elevations, and for modern elevations we use SPOT 5 HRS digital elevation models (DEMs: 2008 (DEMs: -2010 , ICESat satellite laser altimetry (2003) (2004) (2005) (2006) (2007) (2008) (2009) , and NASA IceBridge Airborne Topographic Mapper laser altimetry (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The data sets have varying temporal and spatial coverage and are generated using different methods.
Historic Canadian Digital Elevation Data (CDED)
Canadian Digital Elevation Data (CDED) were provided at a scale of 1:50k. Horizontal coordinates are in North American Datum 1983 (NAD83), and elevations are orthometric with respect to the mean sea level of the Canadian Vertical Geodetic Datum of 1928 (CVGD28). The data set has a horizontal resolution of 23 m in the north-south direction and 8-17 m in the east-west direction. We used Edition 3.0 of the CDED 1 : 50k data set that was created primarily from historical aerial photographs by stereo-compilation using control points from the Canadian Aerial Survey Database. Maps over areas with incomplete air photo coverage or insufficient image contrast (primarily over ice and snow) were created from modern DEMs generated from satellite stereoscopic imagery (SPOT 5) and radar interferometry (ERS). All CDED containing modern elevations are excluded from our study. A previous validation of 21 high Arctic CDED maps against ICESat laser altimetry showed the data set to be of high accuracy with a mean offset of +0.3 m above ICESat postings and a standard deviation of 6.2 m (Beaulieu and Clavet, 2009) . We preformed a similar assessment of the 340 CDED maps used in this study against plane-filtered ICESat data (see Sect. 3.2.3) . The CDED had a mean offset of +1.1 m above ICESat postings, a standard deviation of 5.1 m, and very good horizontal control. The exception to this was map sheet 026p03 that covers the south-west margin of the Penny Ice Cap, which we removed from the analysis because of large negative elevation biases relative to ICESat.
At the time of writing, the CDED 1 : 50k data set was still a work in progress and had incomplete coverage for the Canadian Arctic. Complete CDED coverage was only available at 1106 A. Gardner et al.: Accelerated contributions of Canada's Baffin and Bylot Island glaciers to sea level rise a scale of 1:250k and was created from the digitization of National Topographic System (NTS) maps; however, we found the quality of this data set (−3.2 ± 20.7 m) to be insufficient for elevation change measurement.
SPOT 5 digital elevation models (DEMs)
SPOT 5 HRS (High Resolution Stereoscopic) DEMs were provided by the French Space Agency (CNES) through the SPIRIT International Polar Year project (Korona et al., 2009 ). The DEMs come in two versions with respective reliability masks that were generated with sets of correlation parameters adapted to different types of relief: Version 1 is optimized for gentle terrain, and Version 2 is optimized for rugged terrain. The DEMs have a horizontal resolution of 40 m, a maximum ground coverage of 120 km by 600 km, and orthometric elevations referenced to the EGM96 geoid. The DEMs were extracted using a 100 % automatic processing method that included no manual intervention and no interactive check against any kind of ground-based measurements (Korona et al., 2009 ). The reliability masks provide grid cell correlation scores of the DEM generation and identify interpolated pixels. Similar DEMs produced for other regions have been found to be highly suitable for elevation change detection over complex glaciated terrain after applying proper bias corrections (Gardelle et al., 2012a; Berthier et al., 2010) .
One pair of SPOT DEMs were acquired over Bylot Island (10 January 2008), one pair over the northeastern tip of Baffin Island (19 July 2010), two pairs (A & B) over the Barnes Ice Cap (3 October 2008, 31 August 2010), one pair over the Penny Ice Cap (7 July 2010), and one pair over the Cumberland Peninsula (directly south of the Penny Ice Cap, 3 October 2010). SPOT elevations were first referenced to the WGS84 ellipsoid, and all interpolated pixels (reliability masks of 0 or >100) were excluded. The accuracy of noninterpolated pixels was then assessed using plane-filtered ICESat elevations (Sect. 3.2.3) acquired within ±90 days of the SPOT acquisition date for ice-covered terrain and all June to October (minimal snow cover) elevations for ice-free terrain. For those DEMs generated from 2010 imagery (Table A1), elevations over ice were taken from the prior year since ICESat was not operational in 2010. From this analysis an optimal reliability masks threshold was individually selected for each of the SPOT DEMs (Fig. A1) . Comparisons of valid SPOT elevations against CDED and ICESat altimetry reveal that the SPOT DEMs contain horizontal positioning errors between 7 m and 29 m (Table A2 ) and elevation biases ranging from −13 m to +5 m (Table A1) . Despite the large absolute errors, the relative accuracy of the SPOT DEMs is very good with standard deviations in the range 2-5 m over ice-free ground and 1-14 m over glacier surfaces with respect to near-coincident ICESat altimetry (Table A1 ). There is very little difference between DEM versions except for the Barnes A DEMs, where Version 1 has better coverage and a lower standard deviation over glacier surfaces than Version 2. The SPOT imagery acquired in late August of 2010 (Barnes B) had much better contrast than the October 2008 imagery (Barnes A), resulting in fewer interpolated pixels (better coverage) in the Barnes B DEM. Therefore, the Barnes A DEM was only used to estimate elevation change for areas not covered by the Barnes B DEM. There is very little historic (pre-1983) CDED coverage for the north Baffin SPOT DEMs, so we chose to not include them in our glacier elevation change analysis.
Satellite laser altimetry (ICESat)
The Geoscience Laser Altimeter System (GLAS) onboard ICESat (Zwally et al., 2002) collected surface elevation profiles over 17 repeated observation campaigns between October 2003 and October 2009. GLAS determines surface elevations from laser pulse footprints that have a diameter of ∼70 m at a spacing of ∼170 m along each track. We used elevation postings from Release 531 of the GLA06 altimetry product (Zwally et al., 2011b) . We converted the data to the WGS84 datum and applied a saturation range correction that is provided with the product. In order to remove potential outlier data from cloud-affected returns, we examined elevation deviations from planes that were fitted 700 m long segments of near repeat-track data (Smith et al., 2009; Moholdt et al., 2010) . Elevations that deviated more than 5 m from the calculated plane were excluded from the analysis. In this approach we assume a constant change in elevation with time for each plane when estimated over ice and no change in elevation with time when estimated over ground. Planes were only calculated if they contained a minimum of 4 repeat-track profiles and 10 elevation points. This filtering approach removes about one-third of the data, but ensures a data set free of gross errors.
The uncertainty of the filtered ICESat elevations is estimated to be 0.89 m based on the root-mean-square (RMS) difference at 340 northern and southern Canadian Arctic Archipelago crossover points between ascending and descending tracks within individual observation campaigns (<35 days). Similarly, the standard error of elevation change rates (dh/dt) determined for planes is 0.36 m a −1 based on 296 crossovers. These errors can be due to unresolved surface slopes, temporal variations in rates of elevation change, atmospheric forward scattering, detector saturation, off-nadir pointing and errors in satellite range and positioning (e.g. Siegfried et al., 2011; Fricker et al., 2005; Schutz et al., 2005) . Correlated errors (bias) are likely smaller than 0.1 m for individual measurement campaigns and 0.01 m a −1 for the derived elevation change rates (Zwally et al., 2011a) .
Airborne laser altimetry (ATM)
Repeat track airborne laser altimetry was conducted over the Barnes and Penny Ice Caps using the NASA IceBridge Airborne Topographic Mapper (ATM) in May and June of 1995 , 2000 , 2005 . The ATM system uses a conical scanning laser to measure surface elevations, the footprint and shot spacing of which have changed over time as the ATM hardware has evolved. The system used for the 1995, 2000 and 2005 data has a ∼140 m swath, with each laser shot having a 1-3 m footprint, a ground spacing of 2-5 m, and a nominal accuracy of <0.2 m (Krabill et al., 2002; Abdalati et al., 2004) . The 2011 data were collected with a newer system that has a ∼230 m swath, a measurement density of ∼1 per 10 m 2 , a laser footprint of ∼0.5 m and a nominal accuracy of <0.1 m. Because the majority of transects in our study area were flown over relatively featureless ice caps, we used the Icessn product that is a resampled version of the raw laser data (Krabill, 2011) . For the Icessn product, a block of points is selected at ∼0.5 s smoothing interval, which is ∼50 m distance along track (actual distance depends on the aircraft speed). The output interval is half the smoothing interval, producing a 50 % overlap between successive platelets. For each smoothing interval, there are three platelets produced in the across-track direction, as well as an 80 m platelet located at aircraft nadir. We used all 4 platelets in our elevation change comparisons.
Elevation change
Long-term (29-50 years) changes in glacier elevation were determined by differencing historical CDED with recent SPOT DEMs and ICESat altimetry. For the Barnes Ice Cap, we also differenced historical CDED with ATM altimetry. Short-term (5-16 years) elevation changes were determined through differencing of repeat-track laser altimetry from ATM and ICESat.
SPOT versus CDED
Between 40 and 120 individual 1 : 50k CDED map sheets were mosaiced together to cover each of the 5 pairs of SPOT DEMs. The CDED mosaics were first projected and resampled to the SPOT DEM grid in the UTM map projection of the WGS84 datum. All CDED elevations acquired after 1983 were excluded. The SPOT and mosaiced CDED were then co-registered over ice-free surfaces following an iterative process that corrects for the horizontal and vertical offsets using a simple trigonometric relation between aspect, slope and offset (Nuth and Kääb, 2011) . To ensure that there is no cumulative degradation of the elevation data, elevations were resampled from their original sources at each iteration of the co-registration process.
The relative accuracy of the DEMs were investigated by differencing the co-registered DEMs from each other over ice-free ground (Table A2) . Large elevation differences (dh) were sometimes observed near the modern glacier margins where the ice has retreated over the study period. To make sure that these anomalous values were not included in our examination of ice-free dh, we only included ice-free areas outside of a 1 km buffer surrounding the glaciers. The dh values were then checked for correlated spatial-, slope-, elevation-, and maximum curvature-dependent biases over ice-free ground (Fig. A2 ). Of these three biases, only spatially and maximum curvature correlated biases were detected and corrected for. Spatially dependent biases can result from spatially varying phenomena such as air photo coverage, glacial isostatic adjustment, errors in ground control points and errors in geoid transformations. Maximum curvature-dependent biases are associated with differences in horizontal resolution between elevation products (Gardelle et al., 2012b) .
After applying bias corrections to the DEMs, we differenced them over glacier surfaces to determine elevation changes (dh) between the CDED and SPOT image acquisition dates. The merged CDED over Bylot Island and the Penny Ice Cap were found to have poor elevation control at higher elevations relative to the SPOT DEMs and ICESat. We removed these errors by applying an iterative standard deviation filter to dh/dt values above 400 m that excludes all values exceeding one standard deviation from the median within 100 m elevation intervals until the standard deviation of each interval is less than 0.3 m a −1 . This filter reduced the coverage over ice by about 25 % over Bylot Island and 1-8 % elsewhere. Overall the filter has little impact on the area-averaged elevation change (<0.02 m a −1 ) indicating that errors in the CDED and/or SPOT DEM are likely not biased. The workflow of the SPOT versus CDED co-registration and differencing is provided in Appendix A (Fig. A2 ).
CDED versus ICESat
The ICESat-CDED differencing follows a similar approach as the SPOT-CDED differencing (Sect. 3.3.1) except that CDED elevations were extracted at ICESat postings by means of bilinear interpolation and we did not apply an iterative standard deviation filter. No significant horizontal misalignment was detected between CDED and ICESat, so the CDED DEMs were only adjusted vertically for a small mean bias (−1.1 m) and spatially correlated biases as determined over ice-free ground (Table A2 ). Over the Penny Ice Cap, we have excluded reference track number 18 that indicates unrealistically high rates of thinning at high elevations. A detailed description of the CDED versus ICESat workflow ( . We then interpolated the average platelet elevation to the midpoint between the two centroids, based on the reported platelet slopes. Application of this approach to estimate elevation changes of the Greenland Ice Sheet was found to have an elevation change error of 0.085 m (Krabill et al., 2002) . When averaged over tens of kilometers, this error reduced to 0.07 m. We manually removed a small subset of the 1995-2000 elevation changes that were obvious outliers (elevation changes >200 m).
In 2011 an extensive flight grid was flown over the Barnes Ice Cap that had sufficient sampling of ice-free terrain to allow for vertical co-registration and differencing with historic CDED. Following the same methodology as outlined for the ICESat-CDED differencing, we were able to determine 1960-2011 mass changes over the Barnes Ice Cap. We then subtracted the repeat ATM estimates of mass change for the period 1995-2011 to determine the 1960-1995 mass change, hence providing a better time chronology of mass changes for the Barnes Ice Cap.
Repeat ICESat
Glacier elevation change rates (dh/dt) were calculated from the plane fitting technique as described in Sect. 3.2.3. Due to filtering and data loss from clouds, all planes do not span the entire ICESat repeat-track period from October 2003 to October 2009. We set a minimum time span requirement of 2 years for each dh/dt. Additionally, we filtered the start and end campaigns of each plane such that they always span an integer number of years; i.e. our ICESat dh/dt estimates are not affected by seasonal biases from accumulation/ablation (Moholdt et al., 2010) .
Mass change
From elevation changes
Volume changes (dV/dt) were estimated for each elevation change data set by first calculating the mean elevation change rate (dh/dt) within each 50 m elevation interval, after applying a 3 sigma filter within each interval to reduce signal noise. Our estimates are insensitive to the use of elevation interval means versus medians for determination of dV/dt; all estimates agree within ±0.04 m a −1 . Unsampled intervals were linearly interpolated from neighboring values. Intervals above and below the sampled elevation range were set to the median value of the first and last three sampled intervals, respectively. dV/dt was then estimated by multiplying the mean dh/dt of each elevation interval by the corresponding surface areas within the intervals as determined from the 1 : 250k CDED. The choice of DEM used for the hypsometrical extrapolation of dh/dt has shown to have little impact on regional volume change estimates (Gardner et al., 2011, supplementary information) . The temporal interval of dV/dt is determined from the mean date of all valid CDED, SPOT, Jan04 Jan05 Jan06 Jan07 Jan08 Jan09 Jan10 Jan11 ICESat and/or ATM elevations. dV/dt was then converted into mass change rates (dM/dt) by applying a constant glacier density of 900 kg m −3 .
From GRACE gravimetry
We provide an update to the Gardner et al. (2011) southern Canadian Archipelago (Baffin and Bylot Islands) glacier mass changes derived from repeat gravity observations collected by the GRACE mission. The GRACE satellites measure the temporal variations of the Earth's geopotential field at a monthly interval, distributed as spherical harmonic coefficients up to degree and order 60, from which the redistribution of surface mass can be retrieved (Wahr et al., 1998) . The spatial resolution of these fields is limited to a few hundred kilometers, and the data need to be post-processed and filtered to reduce noise in the observations (see Schrama, 2007, and Gardner et al., 2011 , for a detailed discussion of the processing). This implies that the GRACE satellites do not make point-observations, but that an observation at a certain location is representative for a larger area. As a result, glacier mass loss cannot be directly obtained by taking a simple area integral over the glacier surfaces. The absence of short wavelength information, in combination with the filtering, will bias the signal within the target area. Additionally, signals from adjacent locations, such as hydrology and glacial isostatic adjustment (GIA), when not properly corrected for, may "leak into" the target area and affect the average (see e.g. Swenson and Wahr, 2002) .
To counter these problems, we use the iterative method of Wouters et al. (2008) : In brief, Baffin and Bylot Islands and the surrounding regions were separated into basins (Fig. S1 of Gardner et al., 2011) to which an initial, random mass anomaly is prescribed ( . By applying the same processing steps to these fields as to the real GRACE (CSR RL04) data, pseudo-observations were created and compared to the actual GRACE observations. In an iterative process, the mass anomalies in the basins were adjusted until an optimal agreement in a least-square sense is reached with the GRACE observations. To isolate the glacier signal, gravity changes associated with GIA were removed using a modified version of the ICE5-G (VM2) model (Peltier, 2004) , as described in Riva et al. (2009) . No significant gravity trends due to ice loading and unloading during the Little Ice Age are expected in the region (Jacob et al., 2012) . Atmospheric mass variations from European Centre for Medium-Range Weather Forecasts (ECMWF) operational pressure fields are removed by the GRACE science teams during processing of the raw satellite data. Likewise, a baroclinic ocean model in combination with a tide model is used to account for mass variations in the ocean (Bettadpur, 2007) . To further reduce ocean effects, we estimated mass anomalies in adjacent ocean basins during the iterative procedure, simultaneously with the glacier and terrestrial water storage variations. Due to the small size of the target area, the signal-to-noise ratio in the time series is relatively high. As is evident from Fig. 2 , interannual changes and trends are very well captured by the GRACE satellites, but the interpretation of month-to-month variations is less straightforward. Therefore, we select the annual value to be the most negative mass value observed at the end of each ablation season (August to September).
Uncertainty analysis
Mass changes from elevation changes
Sources of uncertainty in our mass change estimates are primarily from uncertainties in the following: the measurement of dh, dh due to glacial isostatic adjustment, changes in glacier area through time, extrapolation of dh to determine regional dV, mean glacier density, and trends in firn density from changes in precipitation, compaction rates and internal accumulation. All uncertainties are given as 95 % confidence intervals. To characterize the measurement uncertainties for long-term differencing that are co-registered over icefree terrain, we examined semivariograms of the elevation difference over non-ice surfaces. After adjusting for identifiable biases, there were still large-scale correlations evident in the SPOT-CDED semivariograms, and a more clearly defined correlation length of 50 km in the ICESat-CDED semivariogram (cf. Rolstad et al., 2009 ). The approximate diagonal length of the largest CDED map used in the study is 50 km, indicating that dh errors are likely correlated by individual CDED map coverage. Therefore, we applied standard error propagation at a correlation length of 50 km to the standard deviation between elevation products over ice-free terrain to estimate the measurement uncertainty for the ICESat-CDED, SPOT-CDED, and ATM-CDED differencing (multiplied by 1.96 to get the 95 % confidence intervals). For ATM-ATM differencing we assigned a correlated repeat measurement uncertainty of 0.14 m (∼ 1.96 × 0.07 m standard error) as estimated by Krabill et al. (2002) , and for the ICESat-ICESat differencing we assigned an uncertainty of 0.69 m a −1 with an along-track correlation length of 5 km (Moholdt et al., 2010) . To account for small biases resulting from glacial isostatic adjustment, we added a correlated uncertainty of 6 mm a −1 to all repeat altimetry elevation change estimates (Gardner et al., 2011 ). This was not necessary for the ICESat-CDED, SPOT-CDED, or ATM-CDED differencing, as elevation products were co-registered over ice-free terrain.
To account for changes in glacier area through time, we assigned an uncertainty of ±10 % to all dV/dt estimates. To test if the assigned uncertainty interval of ±10 % is appropriate, we re-ran our analysis with 1.5 % more ice added evenly to the lowest 400 m of the glacier hypsometry within each region. We chose 1.5 % as this is roughly the midpoint between area differences (see Sect. 3.1) and can be expected to be the net effect on time-averaged mass change estimates. Changing the glacier hypsometry in this way resulted in subregion losses that were 4 ± 3 % larger than the unperturbed estimate. Since changes in area are not well constrained, we retain an uncertainty of ±10 %. The ICESat and ATM differencing have additional uncertainties in dV/dt due to the extrapolation of dh/dt elevation profiles across each region. For the ICESat-CDED and ATM-ATM differencing, this was characterized by using subsets of the 2004-2009 ICESat elevation change rates (dh/dt) as analogs for the spatial sampling of dh/dt for the ICESat-CDED and ATM data sets. The dh/dt subsets were selected from a 5 km buffer zone around the ICESat-CDED and ATM postings, respectively (Fig. A4) . The 95 % confidence interval for the extrapolation from dh/dt to dV/dt was taken to be 1.96 times the percentage difference in dV/dt between using all 2004-2009 ICESat data and a subset. Using this approach we determined uncertainties of 4 % and 31 % for the extrapolation of ATM dh/dt profiles over the Barnes and Penny Ice Caps, respectively. Using ATM dh/dt profiles over the Penny Ice Cap to determine the volume change of the remaining glaciers on Baffin and Bylot Islands introduced an uncertainty of 61 %, which is lower than if data from the Barnes Ice Cap are used. In all cases, extrapolation of the ATM data resulted in an apparent overestimation of mass loss, which indicates that the two ice caps are ablating more rapidly than the coastal icefields. CDED are not complete over the accumulation area of the Penny Ice Cap (Fig. 1) , so extrapolation of ICESat-CDED results over the entire ice cap introduced an uncertainty of 24 %. Similarly, extrapolation of ICESat-CDED results outside of Bylot Island and the two ice caps introduced volume change uncertainties of 6 % and 12 % for the remaining glacier ice to the south and north of 68.6 • N, respectively. Volume change uncertainties from the extrapolation of SPOT-CDED results over Bylot Island, the Penny www.the-cryosphere.net/6/1103/2012/ The Cryosphere, 6, 1103-1125, 2012
Ice Cap, and the southern glaciers, extrapolation of ICESat-CDED results over Bylot Island and the Barnes Ice Cap, and the extrapolation of ICESat-ICESat results over all regions could not by estimated in the same way as done for the ICESat-CDED and ATM-ATM results. These estimates were assigned an uncertainty of 10 %. To convert from dV/dt to dM/dt, we applied a constant glacier density of 900 kg m −3 , to which we assigned an assumed uncertainty of ±17 kg m −3 . This approach assumes a constant firn density over the past 50 years (i.e. Sorge's law applies (Bader, 1954) ). This is likely not a valid assumption as rapid changes in glacier mass have recently been observed (Gardner et al., 2011; Fisher et al., 2012) . Zdanowicz et al. (2012) found that there was almost no change in the near-surface (upper 20 m) vertical density-profile between ice cores from 1979 and 1995 collected at elevations of 1975 m and 1860 m on the Penny Ice Cap (Holdsworth, 1984; Fisher et al., 1998) . However, comparison with a 2010 core collected at the same location shows that the depthaveraged 20 m density has increased by about 34 kg m −3 (2.2 kg m −3 a −1 ) since 1995 and is nearly identical to the mean density of a 1953 shallow ice core collected 30 km to the south-southeast at an elevation of 1930 m (Ward, 1954) . This suggests that the assumption of a constant density profile is likely appropriate for the multi-decadal elevation differences but may introduce errors in shorter-term studies. For example, if the average density of the top 20 m of all glacier areas above the equilibrium line altitude (∼1400 m) increased at a rate of 2.2 kg m −3 a −1 , the application of Sorge's law would result in a 0.23 Gt a −1 overestimate of glacier mass loss from the region. Unfortunately, the regional changes in firn density are not well enough constrained to justify modifying our mass change estimates. We instead assigned an uncertainty of 4 kg m −3 a −1 to areas above 1400 m to account for changes in the 20 m density profile for studies spanning less than 20 years (repeat ATM and ICESat) and 2 kg m −3 a −1 for studies spanning 20 years or more (comparisons with CDED). Note that this uncertainty comes in addition to the uncertainty in mean density (±17 kg m −3 ).
To determine the total uncertainty, we assumed that all individual sources are correlated in space but uncorrelated with each other; i.e. the total uncertainty for each region was taken as the root sum of squares (RSS) of individual uncertainties. For the total uncertainty of all ice area, we sum each of the separate sources of uncertainty for each region then take the RSS of the summed individual components to determine the total uncertainty. All uncertainties associated with the derivation of mass changes from the various elevation change products are provided in Table 1 .
Mass changes from GRACE gravimetry
The GRACE trends in the Arctic region are dominated by the mass change signal of the Greenland Ice Sheet that may affect the retrieval of the mass variations over Baffin and Bylot Islands. Simulations with pseudo-observations based on a combination of models, representative for mass variations in the cryosphere, terrestrial water storage and ocean, have shown that the trends in glacier mass for Baffin and Bylot Islands can be retrieved to within ±3 Gt a −1 (Gardner et al., 2011) , indicating that our Baffin and Bylot Islands estimates are not significantly affected by the mass loss of the Greenland Ice Sheet.
The geopotential anomalies observed by the GRACE satellites are the sum of mass variations in various components of the Earth system that need to be removed before the glacier mass anomalies can be estimated. Uncertainties in these corrections are included in the overall error bars. We assessed the uncertainty of the atmospheric correction by comparing ECMWF and National Centers for Environmental Prediction Reanalysis (NCEP R1). The trend in atmospheric loading over Baffin and Bylot Islands shows no significant differences between these two products (0.1 ± 0.1 Gt a −1 ). Uncertainty in the GIA correction that results from incomplete knowledge of the Earth's structure and ice loading history is estimated to be 4.9 Gt a −1 for Baffin and Bylot Islands. This uncertainty was determined by considering a range of realistic viscosity profiles of 0.3 × 10 21 to 1 × 10 21 Pa s and 0.3 × 10 21 to 1 × 10 22 Pa s for the upper and lower mantle, respectively and alternative loading histories [the ICE-3G (Tushingham and Peltier, 1991) and ANU (Lambeck et al., 2004 ) models]. Note that Gardner et al. (2011) erroneously reported a range for the lower mantle viscosity of 0.3 × 10 21 to 3.6×10 21 ; this should have been the same as reported here.
Due to the coarse spatial resolution of the GRACE data, the basins used in the iterative basin method do not exactly follow the glacier boundaries and partly cover nonglaciated areas. This means that our results do not only track the glaciers' mass budget, but also changes in terrestrial water storage, since GRACE cannot distinguish between the two. The Global Land Data Assimilation System (GLDAS; Rodell et al., 2004) in its NOAH 0.25 • × 0.25 • configuration gives a very small trend in terrestrial water storage (< 0.9 ± 1.2 Gt a −1 ) when considering the end-of-melt-season dates that were used to estimate annual mass changes from GRACE (August-September; see Fig. 2 and Sect. 3.4.2). The trend in terrestrial water storage is insignificant, so we simply added this to our estimate of uncertainty. In addition to the uncertainties from the GIA and terrestrial water storage, our monthly GRACE solution (Fig. 2) includes measurement error based on sub-set and inter-month comparisons as provided by the GRACE science team. The monthly values differ slightly from those reported in Gardner et al. (2011;  see their supplementary Fig. 3 ). This is a result of postprocessing of the GRACE data, which relies on EOF analysis and therefore evolves with the period of observation. Differences are well within the error bars of the monthly GRACE solutions (Fig. 2) . 
Climate
To help interpret glacier mass changes in terms of regional climate forcing, we examined anomalies in mean summer (JJA) homogenized 2 m air temperatures for 4 Environment Canada weather stations located at Pond Inlet, Clyde River, Dewar Lakes and Iqaluit (Vincent et al., 2002) . We also examined anomalies in adjusted total annual precipitation for the 5 weather stations at Pond Inlet, Nanisivik, Dewar Lakes, Fox Five and Iqaluit (Mekis and Vincent, 2011) . Temperature and precipitation records discontinuously span the period 1930 to 2010 and 1932 to 2009, respectively. All stations except Dewar Lakes are located near the ocean and are therefore biased towards low-altitude coastal conditions (Fig. 1) . For this reason, we also examine summer (June, July, August) glacier area-averaged NCEP R1 "free-air" temperature anomalies at 700 mb geopotential height (Kalnay et al., 1996) . Examining the subset of SPOT-CDED dh/dt that is within 1 km of the ICESat tracks indicates that about half of the difference between estimate means can be attributed to differences in spatial sampling. The rest of the difference between the two data sets is likely due to differences in the sampling interval with higher than average losses in the years 2007 through 2010. Despite the ice cap's simple geometry, the map of dh/dt reveals a relatively complex pattern of elevation change (Fig. 3) . Thinning rates exceed 1.5 m a −1 along the northwestern and southwestern margins and at more localized locations along the northeastern margin where the ice cap abuts proglacial lakes (e.g. Conn and Bieler Lakes). These proglacial lakes have been shown to locally enhance the ice flow of the Barnes Ice Cap (Andrews et al., 2002) . Elevation changes are smallest at higher elevations and for one of the southwest lobes that has likely experienced "local creep slump" (i.e. enhanced ice creep and basal sliding; see Holdsworth, 1977 Holdsworth, , 1973 Andrews et al., 2002), a phenomenon that was also observed by Abdalati et al. (2004) in repeat airborne laser altimetry. The map of dh/dt for the glaciers of Bylot Island generated from the SPOT Bylot V2 DEM and CDED shows a strong pattern of elevation lowering that is most pronounced at lower elevations (Fig. 4) . Most outlet glaciers have experienced an average elevation loss of around 1-2 m a −1 at their termini. There are, however, four outlet glaciers (B7, C93, D78, and D20) that experienced little terminus elevation change, suggesting that mass input from glacier flow and accumulation has matched surface ablation over this period. This suggests that these glaciers may have experienced part or all of a surge cycle over the sample interval. This inference is in agreement with Dowdeswell et al. (2007) who found that most of the major outlet glaciers on Bylot Island are surgetype. Dowdeswell et al. (2007) also noted that glacier D78, the longest glacier on Bylot Island, had an over-steepened frontal margin and appears to have advanced and overrun its neoglacial terminal moraines. This advance is clearly identified in Fig. 4 as an elevation gain at the terminus of D78.
Results
Mass change
Overall there is a less coherent spatial pattern of glacier elevation change over Bylot Island than observed over the Barnes Ice Cap. This can be attributed to two factors. First, the CDED covering glacier ice in this region have a mean date of 1979 and the SPOT DEM was generated from 2008 imagery. This means that the dh/dt estimates for Bylot Island cover a period that is 21 years shorter than that derived for the Barnes Ice Cap (i.e. smaller cumulative changes in elevation). Second, the magnitudes of glacier elevation change rates are smaller over Bylot Island than over the ice cap. All of these factors lead to a higher signal-to-noise ratio in the Bylot Island dh/dt estimates. From SPOT-CDED differencing, we estimated that the glaciers of Bylot Island lost ice at a rate of 277 ± 162 kg m −2 a −1 over the 29-year period, which is identical to the estimate determined from ICESat-CDED differencing for the period 1980 to 2006.
Outside of Bylot Island and the Barnes Ice Cap, the historic CDED coverage is significantly reduced but still sufficient to determine regionally representative dh/dt elevation profiles and therefore mass changes for the remaining ice. From SPOT-CDED (Fig. 5) and ICESat-CDED (Fig. 1) differencing, we determine mass loss rates of 166±99 kg m −2 a −1 and 235±109 kg m −2 a −1 for the Penny Ice Cap, and 237±43 kg m −2 a −1 and 202 ± 54 kg m −2 a −1 for the 7600 km 2 of glaciers south of 68.6 • N excluding the Penny Ice Cap, respectively. From the ICESat-CDED differencing, we determine that the 16 100 km 2 of glaciers north of 68.6 • N, excluding Bylot Island and the Barnes Ice Cap, lost ice at a rate 263 ± 60 kg m −2 a −1 (Fig. 7) . Unfortunately, there were no ATM flights over the Penny Ice Cap in 2011 due to logistical constraints. Extrapolating elevation changes measured over the Penny Ice Cap to the remaining glacier cover, which performs better than extrapolating Barnes Ice Cap data (see Sect. 3.5.1), gives a total mass loss for the region of 372 ± 176 kg m −2 a −1 (15.2±7.2 Gt a −1 ) and 625±308 kg m −2 a −1 (25.6 ± 12.6 Gt a (Fig. 2) . Between 2003 and 2011 GRACE gives an average mass loss of 581±149 kg m −2 a −1 (23.8±6.1 Gt a −1 ). Mass change estimates for the region as a whole (Fig. 8) show a clear indication of accelerated melt in recent decades.
Drivers of increased mass change
The interannual variability of snowfall amounts (accumulation) over the glaciers of Baffin and Bylot Islands is small relative to the interannual variability of ablation, and changes in glacier mass budget are well correlated with changes in summer temperature but not as well with changes in precipitation (Sneed et al., 2008; Hooke et al., 1987; Weaver, 1975) nearly identical long-term trends in mean summer temperatures of +0.35 ± 0.02 • C per decade (Fig. 9a) , and recent analysis of passive microwave data indicates an increase in the number of melt days over the Barnes Ice Cap between 1979-2010 . Measuring precipitation amounts in the Arctic is notoriously difficult due to gauge undercatch of solid precipitation and difficulties in correcting gauge biases (Mekis and Hogg, 1999) . The sparse measurements that are available indicate that there has been little change in annual precipitation over the period of study (Fig. 9b) . This suggests that the increasing mass loss in the region has largely been driven by a long-term increase in summer temperature. To support this conclusion, we investigated the relationship between mass loss rates and summer glacier area-averaged NCEP R1 700 mb (∼2900 m a.s.l.) temperature anomalies averaged for each mass change interval (Fig. 10a) 1 • C. Mass loss rates for the Penny Ice Cap and the region as a whole appear to be less sensitive to changes in summer temperatures (−245 to −238 kg m −2 a −1 per 1 • C, r = −0.84 for both). Looking in more detail, we find that the sensitivity of mass changes to changes in summer temperatures is linearly related to surface elevation ( Fig. 10b) and that the relationship between sensitivity and elevation differs little between regions. This elevation dependence explains why the Barnes Ice Cap, which has lower mean elevation than the Penn Ice Cap (Fig. A5) , is more sensitive to changes in summer temperature than the Penny Ice Cap. The link between higher summer temperatures and increased glacier ablation is more complex than may first appear. Higher temperatures lead to more downward longwave radiation and increased sensible heat flux, but these direct links can only account for some of the glacier's sensitivity to temperature. Examining NCEP R1 glacier areaaveraged summer means we find that, for every 1 • C increase in 700 mb temperature, there is a corresponding 4.7 W m −2 increase in the downward longwave radiative flux at the surface. Over a three-month period, this is enough energy to melt an additional 110 kg m −2 of ice at 0 • C. Therefore, increased downward longwave radiation directly accounts for less than 27 % to 46 % of the observed temperature sensitivity. The remaining sensitivity is due to increased sensible heat flux and indirect effects. One of the largest indirect effects is the temperature-albedo feedback that results in higher absorption of downward shortwave radiative flux. Higher temperatures result in enhanced snow grain growth and larger effective grain sizes that reduce the albedo of snow. This increases shortwave absorption, snow temperature and melt, which in-turn can lead to further grain growth (Flanner and Zender, 2006; Gardner and Sharp, 2010) . Higher temperatures also result in earlier and more extensive removal of snow. This increases absorption of shortwave radiation by exposing darker glacier ice and firn.
A possible non-climactic driver is the feedback between mass budget and elevation. To assess the possible impact of the elevation feedback on accelerated ice loss, we assume that the dh/dt gradient with elevation is constant over a 50-year period and compare volume change estimates using the original glacier hypsometry and one that is modified to reflect the elevation changes that would have occurred over this time according to the dh/dt gradient. We find that changes in elevation over a 50-year period could account for no more than a 0.03 kg m −2 a −1 increase in ablation for either ice cap.
Comparison with previous studies
Other than Gardner et al. (2011) , we are aware of only two other regional estimates of glacier mass change that do not rely on modeling or interpolation of sparse local-scale glaciological measurements. The first is that of Abdalati et al. (2004) who used the ATM data to estimate a mass loss of 10.2 Gt a −1 for the Baffin Island glaciers between 1995-2000. This is 3.2 Gt a −1 less than our corresponding estimate of 13.4 Gt a −1 . We largely attribute these differences to our use of an improved glacier mask (1600 km 2 more ice) that includes more low-lying glacier ice, the characterization of glacier hypsometry using a much higher resolution DEM, and the calculation of dh/dt using the Icessn product that is a resampled version of the raw laser data used by Abdalati et al. The second regional estimate of mass change is from a recent GRACE study (Jacob et al., 2012) that shows higher rate of loss for Baffin and Bylot Island glaciers (2003-2010: 33 ± 2.5 Gt a −1 ) than our corresponding GRACE estimate (2003-2009: 23 .8 ± 3.1 Gt a −1 ) but agree within error bounds. We have reexamined both estimates and it appears that differences in GIA and terrestrial water storage corrections, time interval, and the method used to estimate mass changes (end-of-melt season vs. trend of full time series) could only account for a small fraction of the difference (0-2 Gt a −1 ) between GRACE estimates. Other possible sources for the disagreement are differences in domains, how signals outside the target regions are treated, and the partitioning of mass changes between northern and southern Canadian Arctic regions/mascons. Again, both GRACE estimates agree within error bounds, but a more in-depth examination would still be valuable to identify the source of the disagreement.
It is difficult to compare our regional estimates of glacier mass change with earlier in situ measurements that have small spatial coverage and span short time periods (Ward, 1954; Sagar, 1966; Løken and Sagar, 1967; Weaver, 1975) . The only place a reasonable comparison with pre-ATM (1995) estimates can be made is for the Barnes Ice Cap where long-term elevation differences have been measured for a summit-to-terminus transect along the north-east lobe of the ice cap (Hooke et al., 1987; Sneed et al., 2008) . Using theodolites, GPS, an ASTER DEM, and ICESat altimetry, and averaging over the length of the transect, Hooke et al. (1987) and Sneed et al. (2008) estimated that the Barnes Ice Cap had an area-averaged mass loss of 120, 760, and 1000 kg m −2 a −1 for 1970-1984, 1984-2006 and 2004-2006, respectively Putting our results into a more global perspective, Jacob et al. (2012) estimated the total mass loss from glaciers outside of the ice sheets to be 148 ± 30 Gt a −1 for the period January 2003 to December 2010. This period is similar to our September 2003 to August 2011 GRACE estimate, during which the glaciers of Baffin and Bylot Island lost mass at a rate of 23.8 ± 6.1 Gt a −1 . This rate of loss represents 16 % of total glacier loss outside of Greenland and Antarctica.
Conclusions
Between 1963 and 2006 the glaciers of Baffin and Bylot Islands lost ice at rate of 11.1 ± 3.4 Gt a −1 (271 ± 84 kg m −2 a −1 ) increasing to 23.8 ± 6.1 Gt a −1 (581 ± 149 kg m −2 a −1 ) for the period 2003 to 2011. The doubling of the rate of mass loss is attributed to higher temperatures in summer with little change in annual precipitation. In total, between 1963 and 2011, the glaciers of Baffin and Bylot Islands contributed 1.7 mm to the world's oceans. Summer temperatures accounted for 68-98 % of the variance in the rate of mass change, to which the Barnes Ice Cap was found to be 1.7 times more sensitive than either the Penny Ice Cap or the region as a whole. The heightened sensitivity of the Barnes Ice Cap is the result of a hypsometry that is skewed towards lower elevations.
Results for the Barnes Ice Cap clearly indicate an acceleration in the rate of mass loss in recent years, which can be attributed to increases in summer temperature. Results for the Penny Ice Cap also show accelerated losses, but data coverage is not as good as for the Barnes Ice Cap. The good spatial coverage of the SPOT-CDED differencing reveals complex patterns of elevation change for the Barnes Ice Cap and Bylot Island glaciers. Between 2005 and 2011 the Barnes Ice Cap lost ice at an area averaged rate of 1060±60 kg m −2 a −1 with enhanced elevation lowering in places where the ice cap abuts proglacial lakes. There are also signs of continued "local creep slump" of the ice cap's southwest lobe. For Bylot Island, the SPOT-CDED differencing reveals a complex pattern of valley-glacier elevation change. Under similar climatic forcing, neighboring valley glaciers show markedly different responses over the past 29 years with one of the glaciers experiencing terminus advance (D78) while the neighboring glaciers retreat.
In agreement with other recent studies (Nuth et al., 2010; Kääb et al., 2012) , our work demonstrates that, with appropriate corrections, regional mass losses can be adequately determined from discontinuous measurements of elevation change. This suggests that the methods used here can potentially be applied to other glaciated areas with poor coverage of elevation data (i.e. use of ICESat and CryoSat at lower latitudes). That said, we find large uncertainties in the extrapolation of ATM elevation change profiles when estimating regional glacier volume changes.
Appendix A
Validation of SPOT DEM using ICESat data is provided in Table A1 , and a detailed comparison of CDED with ICESat and SPOT elevations is provided in Table A2 . Elevation differencing workflows are provided in Fig. A1 through A3 . Locations of ICESat elevations used in the study are provided in Fig. A4 , and glacier hypsometry for select regions is provided in Fig. A5. www.the-cryosphere.net/6/1103/2012/ The Cryosphere, 6, 1103-1125, 2012 Correct for spa8ally dependent eleva8on bias. Median dh grd for all grid cells of a 100 km by 100 km grid are determined. Cells with < 500 grid cells are linearly interpolated from neighboring cells. Cells that can not be interpolated are set using a plane fit to all filled grid values. The coarse gird is then interpolated to SPOT DEM grid using cubic spline interpola8on.
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